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SyndactylyDeveloping vertebrate limbs are often utilized as a model for studying pattern formation and morphogenetic
cell death. Herein, we report that conditional deletion of Rac1, a member of the Rho family of proteins, in
mouse limb bud mesenchyme led to skeletal deformities in the autopod and soft tissue syndactyly, with the
latter caused by a complete absence of interdigital programmed cell death. Furthermore, the lack of
interdigital programmed cell death and associated syndactyly was related to down-regulated gene
expression of Bmp2, Bmp7, Msx1, and Msx2, which are known to promote apoptosis in the interdigital
mesenchyme. Our ﬁndings from Rac1 conditional mutants indicate crucial roles for Rac1 in limb bud
morphogenesis, especially interdigital programmed cell death.
© 2009 Elsevier Inc. All rights reserved.Introduction
Early embryonic limbs consist of morphologically undifferentiated
mesoderm-derived mesenchymal cells that are covered by an
ectoderm-derived epithelial jacket. In the course of limb development,
mesodermal cells are subjected to local signals that direct proliferation,
differentiation, and programmed cell death (PCD) according to precise
spatial coordinates. Specialized regions of the developing limb bud,
such as the apical ectodermal ridge (AER), zone of polarizing activity
(ZPA), and non-ridge ectoderm, control limb bud development in areas
of anteroposterior, proximodistal, and dorsoventral outgrowth, giving
rise to a stereotyped pattern of elements that are well conserved
among tetrapods (Capdevila and Izpisua Belmonte, 2001; Niswander,
2003). In addition to controlling outgrowth direction, elements of these
pathways appear to be integrated in the regulation of PCD in
interdigital mesenchyme, which functions in the process of digit
separation in vertebrate species with free digits (Fernandez-Teran et
al., 2006; Ota et al., 2007; Zuzarte-Luis and Hurle, 2005).mada).
ll rights reserved.In vertebrate embryos, PCD occurs in a number of different
developing organs and tissues, including the heart, kidney, lens,
neural crest, tail bud, somites, and branchial arches, as well as the
limbs (Sanders and Wride, 1995). During limb development, PCD is a
predictable and dynamic process, which is controlled by a variety of
signals that result in distinct temporal and spatial areas in which cells
die. Bone morphogenetic proteins (Bmps), including Bmp2, Bmp4,
and Bmp7, have been identiﬁed as providing signals to trigger PCD
signals for both the ectoderm of the AER and the mesoderm in limb
buds (Robert, 2007). Later during limb development, Bmp2, Bmp4,
and Bmp7 play a role in PCD in the interdigit region, which is required
to separate digits and prevent soft tissue syndactyly (Robert, 2007).
Although BMP signaling is known to directly trigger interdigital PCD
in the interdigit region (Zuzarte-Luis and Hurle, 2002, 2005), Pajni-
Underwood et al. (2007) demonstrated that it also indirectly regulates
interdigital PCD by regulating AER-ﬁbroblast growth factors (AER-
FGFs), which function as survival factors for interdigital mesenchyme
(Salas-Vidal et al., 2001). Homeobox containing Msx genes, Msx1 and
Msx2, downstream targets of BMP signaling, are expressed in the
major areas of PCD in developing limbs, which indicates their role as
positive modulators of PCD (Chen and Zhao, 1998; Ovchinnikov et al.,
2006).
397D. Suzuki et al. / Developmental Biology 335 (2009) 396–406Mammalian Rho family proteins were initially isolated as Ras-like
small GTP-binding proteins and found to be composed of the Rho, Rac,
and Cdc42 subfamilies (Hall, 1994). Rac1, a member of the Rac
subfamily, has multiple roles in cellular functions, including actin
cytoskeleton organization, cell adhesion, migration, proliferation, and
apoptosis in mammalian cells (Jaffe and Hall, 2005). To investigate
the physiological role of Rac1, Rac1 conditional knockout mice are
employed, since Rac1 null embryos die before embryonic day (E)9.5
(Sugihara et al., 1998). Genetic removal of Rac1 from the AER of
mouse embryonic limb buds, accomplished by inactivation of Rac1
with the Msx2-Cre transgene, was reported to disrupt canonical Wnt
signaling through β-catenin, and the mice also exhibited truncations
at various levels in the fore- and hindlimbs (Wu et al., 2008). These
results suggest that Rac1 plays a crucial role in development of the
distal ectoderm of the limb bud. In addition, genetic ablation of Rac1
in proliferating collagen type 2-expressing chondrocytes using Col2-
Cre transgenic mice resulted in skeletal deformities, severe kyphosis,
and dwarﬁsm (Wang et al., 2007). Those ﬁndings demonstrated a
requirement for Rac1 in endochondral bone development. However,
the roles of Rac1 in limb mesoderm prior to chondrocyte differenti-
ation have been not extensively elucidated.
In the present study, we inactivated Rac1 functions in mouse limb
bud mesenchyme using a conditional ﬂox allele and Prx1-Cre
transgene (Kassai et al., 2008; Logan et al., 2002). By rendering the
limb mesenchyme deﬁcient of Rac1 function, soft tissue syndactyly asFig. 1. Generation of Rac1 conditional knockout mice. (A) Schematic drawing of targeting stra
assessment of Rac1 exon1 deletion (Δexon1). (B) Samples for PCR were prepared from Rac1ﬂ
370 bp) and Δexon1 allele-speciﬁc (F1-R1; 655 bp) bands were detected. A band for the Prx-
analysis for Rac1 was performed using limb buds from Rac1ﬂ/ﬂ and Rac1ﬂ/ﬂ; Prx1-Cre embryo
actin. (D) Whole-mount in situ hybridization analysis for Rac1was performed at the indicate
Prx1-Cre embryos, anterior to the top, and shown at the same scale.well as skeletal deformities were revealed in the autopod. Our ﬁnd-
ings suggest that Rac1 is essential for limb development and controls
limb bud interdigital PCD.
Materials and methods
Generation of mice
We used mice in which exon1 of Rac1 was ﬂanked with loxP sites,
as described previously (Kassai et al., 2008). A targeting vector was
constructed so that exon1 including the initiation codon (ATG) was
ﬂoxed by the loxP site. The FRT-ﬂanked neo gene was excised via Flp-
FRT recombination by crossing with Actin-Flp transgenic mice
(Rodriguez et al., 2000), then ﬂoxed exon1 was deleted via a Cre-
loxP recombination by crossing with Prx1-Cre transgenic (Prx1-Cre)
(Logan et al., 2002) or Col2-Cre transgenic (Prx1-Cre) (Terpstra et al.,
2003) mice. Offspring were genotyped using the following PCR
primer pairs: for Prx1-Cre, 5′-GACGATGCAACGAGTGATGA-3′ and
5′-AGCATTGCTGTCACTTGGTC-3′; for Col2-Cre, 5′-CCTGGAAAATGCTT-
CTGTCCGTTTGCC-3′ and 5′-GAGTTGATAGCTGGCTGGTGGCAGATG-3′;
for Rac1, 5′-ATTTTCTAGATTCCACTTGTGAAC-3′ and 5′-ATCCCTA-
CTTCCTTCCAACTC-3′. Both conditional and Δexon1 alleles were
identiﬁed using the following primers: for F1, 5′-TGCTCACGTGC-
ACACACGTG-3′; for R1, 5′-ATCCCTACTTCCTTCCAACTC-3′; for R2,
5′-GACACTGGGTGTATTCAGTT-3′ (Fig. 1A).tegy for production of Rac1 conditional knockout mice. Primers (F1, R1, and R2) for PCR
/ﬂ and Rac1ﬂ/ﬂ; Prx1-Cre limb buds obtained at E14.5. Conditional allele-speciﬁc (F1-R2;
1-Cre transgene (Cre) was detected only in Rac1ﬂ/ﬂ; Prx1-Cre embryos. (C) Western blot
s obtained at E11.5 and E12.5. Equal protein loading was documented by blotting for β-
d embryonic stages. All panels are dorsal views of hindlimb buds in Rac1ﬂ/ﬂ and Rac1ﬂ/ﬂ;
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Western blot analysis was performed as described previously
(Yamada et al., 2005). Brieﬂy, sample lysates were subjected to 15%
SDS–PAGE and transferred to Immobilon-P membranes (Millipore).
The membranes were then incubated with antibodies against mouse
Rac1 (Active Rac1 Pull-Down and Detection Kit, Thermo Scientiﬁc),
following incubation with a horseradish peroxidase-conjugated
secondary antibody (GE Healthcare UK Ltd.). Protein bands were
detected using an ECL plus Western blot detection system (GE
Healthcare UK Ltd.) and exposed to medical X-ray ﬁlm (FUJIFILM).
Whole-mount in situ hybridization
Whole-mount in situ hybridization of embryos was performed
according to a method previously reported (Sagai et al., 2005). Brieﬂy,
digoxigenin-labeled riboprobes were transcribed in vitro according to
the manufacturer's protocol (Roche Diagnostics Co.). For the Rac1
probe, 988 bp mouse Rac1 cDNA containing the whole coding
sequence was generated by RT-PCR using oligonucleotides, 5′-ATG-
CAGGCCATCAAGTGTGT-3′ and 5′-ACACGGTCTGGGAACTCTGG-3′,
cloned in pCRII-TOPO (Invitrogen), then linearized with Xho I to
synthesize the antisense probe. With this probe, we were able to
detect Rac1 mRNA transcribed from not only exon1 (the region
deleted by Prx1-Cre), but also other exons containing a whole coding
sequence. For the Sox9 probe, a 500 bp sequence 3′ to the DNA
binding domain of mouse Sox9 cDNA was generated by RT-PCR using
oligonucleotides, 5′-ACCAATACTTGCCACCCAAC-3′ and 5′-TAG-
GAGCCGGAGTTCTGATG-3′, cloned in pCRII-TOPO, then linearized
with BamHI to synthesize the antisense probe (Furusawa et al., 2006).
In addition, the following probes were used: Bmp2 and Bmp4 (gifts
from Dr. Y. Takahashi), Bmp7 (gift from Dr. P.J. Hurlin), Fgfr2 (gift
from Dr. C.H. Deng), Fgf8 (gift from Dr. G.R. Martin), Fgf10 (gift from
Dr. B.L.M. Hogan), Msx1 and Msx2 (gifts from Dr. R.E. Hill), Shh and
Wnt5a (gifts from Dr. A.P. McMahon), and Hoxd13 (gift from Dr. D.
Duboule). The numbers of embryos measured were as follows (values
for Rac1ﬂ/ﬂ and Rac1ﬂ/ﬂ; Prx1-Cre, respectively, shown in parenthe-
ses): Rac1 (9 and 15), Sox9 (8 and 11), Bmp2 (6 and 9), Bmp4 (9 and
8), Bmp7 (7 and 8), Fgfr2 (6 and 8), Fgf8 (10 and 10), Fgf10 (7 and 6),
Msx1 (6 and 5),Msx2 (5 and 5), Shh (5 and 6),Wnt5a (7 and 11), and
Hoxd13 (5 and 6). Expression pattern results were in agreement in
80–90% of cases for each probe.
Skeletal staining
Mice were skinned, eviscerated, and dehydrated in 95% ethanol
overnight. Skeletons were stained overnight with 0.015% alcian blue
and 10% acetic acid in 75% ethanol. Soft tissues were dissolved
overnight in 2% KOH, while the skeletons were stained overnight with
0.0075% alizarin red in 1% KOH. Skeletons were then cleared in 1%
KOH and 20% glycerol for several days, and stored in glycerol/ethanol
(1:1).
Immunohistochemistry
Embryos were rinsed with PBS, placed in sterile molds, and
embedded in frozen tissue embedding medium OCT compound
(Tissue-Tek OCT compound, Sakura Finetechnical Co. Ltd.). Frozen
sections were cut on a cryostat at 8 μm and mounted on pre-cleaned
microscope glass slides (StarFrost, Muto Pure Chemicals Co. Ltd.).
Sections were treated with 1% H2O2 in methanol for 30 min and
blocked with 5% normal goat serum, then incubated with anti-F4/80
(×20 dilution; MCA497R, Serotec Co. Ltd.), followed by a biotiny-
lated secondary antibody (Vector Laboratories, Inc.). Streptavidin–
peroxidase conjugate was used to detect bound antibodies (Vector
Laboratories, Inc.).Cell death analysis
Assays of cell death were performed using TdT-mediated dUTP
nick-end-labeling (TUNEL) analysis of frozen sections, according to
the manufacturer's protocol (Wako Pure Chemical Industries Ltd.).
Microarray analysis
For GeneChip analysis, total RNA (5 μg) was used for cDNA syn-
thesis after reverse transcription, followed by synthesis of bio-
tinylated cRNA via in vitro transcription.We performed hybridizations
with the cRNA fragments using a 430A GeneChip Mouse Expression
Array (Affymetrix), according to the manufacturer's instructions.
Quantitative real-time PCR
Total RNA samples were extracted with TRIzol reagent (Invitro-
gen), then reverse-transcribed using SuperScript III (Invitrogen).
Quantitative real-time PCR was performed using a SYBR green Fast
PCR system (Applied Biosystems). The primer sequences were as
follows: for 18s, 5′-AACTTTCGATGGTAGTCGCCG-3′ and 5′-CCTTGGA-
TGTGGTAGCCGTTT-3′; for Rac1, 5′-CCAGATGCAGGCCATCAAGT-3′
and 5′-GCAGGCAGGTTTTACCAACAG-3′; for β-catenin, 5′-TGAATGGG-
AGCAAGGCTTTT-3′ and 5′-CTGCCCGTCAATATCAGCTACTT-3′; for Lef1,
5′-CCAGAATGACAGCTGCCTACATC-3′ and 5′-GCCTTGGCTTTGCA-
CGTT-3′; for Tcf1, 5′-CTGGCGCCCCCTATCC-3′ and 5′-CAGGTACACCA-
GATCCCAGCAT-3′.
Results
Generation of Rac1 conditional mutants and Rac1 inactivation in limb
mesenchyme
For the present study, we employed a Cre-loxP system for limb bud
mesenchyme-speciﬁc inactivation of the Rac1 gene using Prx1-Cre
mice (Fig. 1A), as Rac1 null mice have embryonic lethal characteristics
(Sugihara et al., 1998). Mice with a conditional (ﬂoxed) mutation in
both alleles of the Rac1 gene (Rac1 ﬂox mice, Rac1ﬂ/ﬂ mice) were
crossed with mice expressing Cre recombinase under the control of a
Prx1 limb enhancer (Logan et al., 2002) to obtain Rac1ﬂ/+; Prx1-Cre
mice. Then, Rac1ﬂ/+; Prx1-Cre male mice were crossed with Rac1ﬂ/ﬂ
females to obtain Rac1ﬂ/ﬂ; Prx1-Cre mice. Cre-negative mice (Rac1ﬂ/ﬂ
mice) from this crossing were used as controls. Nearly all cells in the
fore- and hindlimbmesenchyme of Prx1-Cremice have been shown to
be active (Logan et al., 2002).
To verify recombination of the Rac1 conditional allele by Cre
leading to the Δexon1 allele of the Rac1 gene, we analyzed genomic
DNA isolated from the limb buds at E14.5 (Fig. 1B), and conﬁrmed the
deletion of exon1 of the Rac1 gene. Furthermore, we conﬁrmed Rac1
protein expression at E11.5 and E12.5 (Fig. 1C). Fig. 1C shows that
Rac1 protein was markedly reduced in Rac1ﬂ/ﬂ; Prx1-Cremice, though
there is still some detectable Rac1 protein present at E11.5, but not
E12.5. To investigate the Rac1 expression patterns and levels in
Rac1ﬂ/ﬂ and Rac1ﬂ/ﬂ; Prx1-Cre mice, we performed whole-mount in
situ hybridization analysis at different developmental stages. We
observed a distinct expression pattern for the Rac1 gene in the distal
mesenchyme of Rac1ﬂ/ﬂ limb buds at E11.5. At E12.5 and E13.5, Rac1
gene expression was clearly observed in the interdigit region bet-
ween the condensations. However, we could scarcely detect expres-
sion of the Rac1 gene in the Rac1ﬂ/ﬂ; Prx1-Cre limb bud mesenchyme
(Fig. 1D).
Rac1 conditional mutants have severe skeletal defects
At birth, most Rac1ﬂ/ﬂ; Prx1-Cre mice were viable, though they
subsequently grew at a reduced rate relative to the Rac1ﬂ/ﬂ mice.
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Prx1-Cre mice had shorter body lengths and lower body weights as
compared with Rac1ﬂ/ﬂ mice (Fig. 2A and B). Based on our breeding
protocol, the Mendelian ratio predicted that 25% of newborn mice
from our mating with Rac1ﬂ/ﬂ and Rac1ﬂ/+; Prx1-Cremice would have
the Rac1ﬂ/ﬂ; Prx1-Cre genotype. However, examination of genotype
distribution during the ﬁrst 3 weeks after birth revealed that only 5.3%
of the pups carried the Rac1ﬂ/ﬂ; Prx1-Cre genotype (Fig. 2C). In fact, 17
of 21 (81%) of the Rac1ﬂ/ﬂ; Prx1-Cre mice died within 3 weeks,
probably because of incomplete fusion of the sternum and cranium
(Fig. 2D). Detailed observations showed that the sternal bars were
frequently bifurcated and the xiphoid often lost in these mice, while a
number of other abnormalities, including retarded fusion of the skull
and cranial base, as well as intracranial bleeding were seen.
Intracranial bleeding from the mandibular notch is probably due to
an insufﬁcient fusion between the parietal and occipital bones (black
arrowhead in Fig. 2D). Spagnoli et al. (2007) reported that Cre
recombinase activity is observed in the skull, the anterior midline
region, and limbs of Prx1-Cre mice, and its expression pattern closely
matches that in regions where the Rac1ﬂ/ﬂ; Prx1-Cre mice present
substantial skeletal abnormalities.
All of the present Rac1ﬂ/ﬂ; Prx1-Cre mice had developmental
defects in both the fore- and hindlimbs. Skeleton preparations of fore-
and hindlimbs from Rac1ﬂ/ﬂ; Prx1-Cre neonates stained with alcian
blue and alizarin red conﬁrmed that newborn Rac1ﬂ/ﬂ; Prx1-Cre mice
had smaller skeletons than their Rac1ﬂ/ﬂ littermates (Fig. 2E). In
addition, measurements of individual bones revealed that the ulnae in
the forelimbs and tibiae in the hindlimbs were signiﬁcantly shorter in
newborn Rac1ﬂ/ﬂ; Prx1-Cremice (Fig. 2F). The most striking feature of
the fore- and hindlimbs in Rac1ﬂ/ﬂ; Prx1-Cre mice was profound soft
tissue syndactyly. Although the severity of this phenotype varied,
there was cutaneous syndactyly with webbing of the interdigital skin
in all of the mice (Fig. 2G). Furthermore, syndactyly of the central
three digits and protruding 1st and 5th digits (single red asterisk in Fig.
2G) or severe malformations and hypoplasia (double red asterisks in
Fig. 2G) were found in Rac1ﬂ/ﬂ; Prx1-Cre mice limbs. This soft tissue
condition was not caused by fusion between the bones of the adjacent
digits (Fig. 2G: X-ray radiographs).
Cartilage speciﬁc inactivation of Rac1 (Rac1ﬂ/ﬂ; Col2-Cre) mice
using the mouse Collagen II promoter driven Cre expressing
transgenic (Col2-Cre) mice (Terpstra et al., 2003) resulted in
dwarﬁsm of the limbs, similar to Rac1ﬂ/ﬂ; Prx1-Cre mice (Fig. S1A).
Body weight and postnatal growth of Rac1ﬂ/ﬂ; Col2-Cre mice were
signiﬁcantly reduced as compared with their Rac1ﬂ/ﬂ littermates (Fig.
S1B). Wang et al. (2007) previously reported that loss of Rac1
function in chondrocytes of Rac1ﬂ/ﬂ; Col2-Cremice affected numerous
aspects of growth plate physiology, including Collagen X, Patched,
p57, and Pecam gene expression, as well as cell–ECM interactions and
p38 activity. However, neither incomplete fusion of the sternum and
cranium (data not shown) nor syndactyly (Fig. S1C) was detected in
the Rac1ﬂ/ﬂ; Col2-Cre mice.
Effects of Rac1 deﬁciency on autopod skeleton
Loss of Rac1 in limb mesenchyme led to a variety of abnormalities
in several skeletal elements of the autopod. There were no remarkable
differences between the Rac1ﬂ/ﬂ and Rac1ﬂ/ﬂ; Prx1-Cre mice with
regard to skeletal elements of the autopod up to E15.5 (Fig. 3A and B).
However, around E16.5, mineralization of the endochondral skeletal
elements became visible by alizarin red staining in the phalanges of
the Rac1ﬂ/ﬂ mice, whereas deposition of calciﬁed matrix was partially
reduced in those of the Rac1ﬂ/ﬂ; Prx1-Cremice (red arrowheads in Fig.
3C). These differences were evident until postnatal day 0 (P0) (red
arrowheads in Fig. 3D), but did not appear thereafter. Furthermore,
higher magniﬁcations of P0 and P8 carpals revealed that fusion of the
indicated bones, 2 and c, occurred in the Rac1ﬂ/ﬂ; Prx1-Cre carpals, notbut in Rac1ﬂ/ﬂ carpals (Fig. 3F; a part of 2/c). At the weaning stage, the
skeletons of the Rac1ﬂ/ﬂ; Prx1-Cre autopod were obviously smaller
than those of the Rac1ﬂ/ﬂ mice (Fig. 3E), while the Rac1ﬂ/ﬂ; Prx1-Cre
mice also showed a narrower bifurcation (black bars versus blue bars
in Fig. 3E) and bent digits (black arrow in Fig. 3E). In addition, some of
the Rac1ﬂ/ﬂ; Prx1-Cremice hindlimbs were partially attached between
the distal tips of the central three digits without fusion between the
bones of adjacent digits. However, phalange fusion was not apparent
up to P0, while distal fusion occurred after birth (red arrows in Fig.
3E). The various skeletal abnormalities of the Rac1ﬂ/ﬂ; Prx1-Cre mice
autopod strongly suggest that Rac1 plays a key role in the mechanism
that regulates cartilage formation and development.
Absence of interdigital programmed cell death in Rac1 conditional
mutant limbs
The most striking feature of the Rac1ﬂ/ﬂ; Prx1-Cre mice fore- and
hindlimbs was profound soft tissue syndactyly (Fig. 2G). Fusion
between the bones of adjacent digits was not seen (Figs. 2G and 3);
thus, there is a possibility that the syndactyly in Rac1ﬂ/ﬂ; Prx1-Cre
mice is caused by a failure to remove interdigital limb mesenchymal
cells by PCD. In wild-type mice, PCD occurs between E12.5 and E13.5,
and eliminates cells in the interdigit region, with only a residual
interdigital space remaining at the most proximal level by E14.5,
leading to separation of individual digits (Fig. 4A; Rac1ﬂ/ﬂ panel at
E14.5) (Fernandez-Teran et al., 2006). However, in Rac1ﬂ/ﬂ; Prx1-Cre
embryos, the distal separation between the digits did not become
enlarged, and interdigital spaces were neither reduced nor thinner as
compared with the Rac1ﬂ/ﬂ embryos (Fig. 4A). Additionally, hemato-
mas were frequently seen in Rac1ﬂ/ﬂ; Prx1-Cremice hindlimbs (white
arrowhead in Fig. 4A).
To determine whether Rac1ﬂ/ﬂ; Prx1-Cre webbing was due to a
PCD defect, TUNEL assays were performed using Rac1ﬂ/ﬂ and Rac1ﬂ/ﬂ;
Prx1-Cre embryos at E12.5–E14.5, which revealed a signiﬁcant reduc-
tion in the degree of interdigital PCD in Rac1ﬂ/ﬂ; Prx1-Cre limb buds
(Fig. 4B; compare f with i, and l with o). When we counted TUNEL-
stained cells in the interdigit regions of the 2nd to 3rd and 3rd to 4th
digits at E13.5 and E14.5, the number of apoptotic cells in the Rac1ﬂ/ﬂ;
Prx1-Cre embryos was signiﬁcantly lower than that in the Rac1ﬂ/ﬂ
embryos (Fig. 4C). Interestingly, most adult Rac1ﬂ/ﬂ; Prx1-Cre mice
displayed soft tissue syndactyly between the 2nd and 3rd, and 3rd and
4th digits but not between the 1st and 2nd, or 4th and 5th digits. This
phenotype was consistent with the manner of interdigital PCD that
partially occurred between the 1st and 2nd, and 4th and 5th digits in
Rac1ﬂ/ﬂ; Prx1-Cre embryos, though the number of cells that under-
went PCD in those embryos was lower (Fig. 4B; compare g with j, and
m and p). On the other hand, apoptosis in the interdigit regions
occurred normally in Rac1ﬂ/ﬂ; Col2-Cre mice, which did not display
soft tissue syndactyly (Fig. S1C and D). In thewild-type embryos, dead
cells were rapidly engulfed and cleaned by macrophages. We also
counted the number of F4/80 positive cells, such as monocytes and
macrophages, in the interdigit regions of the Rac1ﬂ/ﬂ and Rac1ﬂ/ﬂ;
Prx1-Cre embryos, and found that they were reduced in the Rac1ﬂ/ﬂ;
Prx1-Cremice (Fig. 4D). These results suggest that interdigital PCD in
Rac1ﬂ/ﬂ; Prx1-Cre limb buds is incomplete as compared with the limb
buds in Rac1ﬂ/ﬂ mice, which is the cause of syndactyly in Rac1ﬂ/ﬂ;
Prx1-Cre limbs.
Expression of limb-patterning and interdigital marker genes in Rac1
conditional mutant limb buds
We performed a comprehensive analysis of the candidate gene set
by comparing the expression patterns in Rac1ﬂ/ﬂ and Rac1ﬂ/ﬂ; Prx1-
Cre limb buds using whole-mount in situ hybridization analysis.
Expressions of Fgf8, the AER marker, and Sonic hedgehog (Shh), the
ZPA marker, were clearly present and appeared correctly positioned
Fig. 2. Analysis of Rac1 conditional knockout mice skeletons. (A) Representative Rac1ﬂ/ﬂ; Prx1-Cre mice displaying shortening of the limbs and body as compared to Rac1ﬂ/ﬂ littermates (left panel). X-ray radiographs of a whole body (right
panel). (B) Body weights of Rac1ﬂ/ﬂ and Rac1ﬂ/ﬂ; Prx1-Cremice were determined throughout the ﬁrst 7 weeks of life. The mice were the same weight at birth but showed genotype differences as they aged. The average weight and standard
deviation for three mice per genotype are shown for each data point (⁎: pb0.05). (C) Genotyping of living pups in the ﬁrst 3 weeks of life showed that 5.3% of the viable offspring had the Rac1ﬂ/ﬂ; Prx1-Cre genotype. (D and E) Staining with
alcian blue (cartilage) and alizarin red (bone) of limbs, thorax, and cranium from Rac1ﬂ/ﬂ and Rac1ﬂ/ﬂ; Prx1-Cremice. (D) Flat mounted dissected ribs from neonatal Rac1ﬂ/ﬂ and Rac1ﬂ/ﬂ; Prx1-Cremice showing a partial penetrant sternum cage
formation defect. Dorsal views of P0 skulls, showing retarded fusion in themutant fontanel (black arrowhead). (E) Skeletal preparations of the fore- and hindlimbs at postnatal day 0 (P0). hu, humerus; ra, radius; ul, ulna; fe, femur; ﬁ, ﬁbula; ti,
tibia. (F) Measurement of ulna and tibia lengths at P0 demonstrated reduced length of those bones in the Rac1ﬂ/ﬂ; Prx1-Cremice (values shown as the average and standard deviation from six bones each, ⁎: pb0.05). (G) Ventral views of fore-
and hindlimbs of 3-week-old mice. Note the syndactyly of the central three digits, and protruding 1st and 5th digits (single red asterisk), as well as the severe malformation and hypoplasia (double red asterisks) in the Rac1ﬂ/ﬂ; Prx1-Cre limbs














Fig. 3. Analysis of endochondral ossiﬁcation in Rac1 conditional knockout autopods. (A–E) Skeletal preparations of Rac1ﬂ/ﬂ and Rac1ﬂ/ﬂ; Prx1-Cre embryos were made at E14.5 (A),
E15.5 (B), E16.5 (C), P0 (D), and 3 weeks of age (E). (C and D) Red arrowheads indicate the absence of mineralized bone matrix in Rac1ﬂ/ﬂ; Prx1-Cre autopod as compared with
Rac1ﬂ/ﬂ. (E) Phalanges were sometimes bent (black arrow) and distal phalanges were frequently attached to each other (red arrows), without fusion between the bones of adjacent
digits. The width between the 2nd and 4th digits was less in the Rac1ﬂ/ﬂ; Prx1-Cre autopod as compared with Rac1ﬂ/ﬂ (black bars in Rac1ﬂ/ﬂ and blue bars in the Rac1ﬂ/ﬂ; Prx1-Cre
autopod). (F) Skeletal preparations of P0 and P8 forelimbs showed that the carpals were disorganized in the Rac1ﬂ/ﬂ; Prx1-Cremice. Wrist bones are indicated for each section, 1–3
and 4/5, distal row of carpal bones; c, central carpal bone; r and u, radial and ulnar bones; Ra and Ul, radius and ulna. Slashes between bone designators (i.e., 4/5) indicate fusion of
the indicated bones. 4/5 was always fused in the Rac1ﬂ/ﬂ carpals, but never 2/c.
401D. Suzuki et al. / Developmental Biology 335 (2009) 396–406in Rac1ﬂ/ﬂ; Prx1-Cre limb buds (Fig. 5A and B). We also analyzed the
expressions of Fgf10 andWnt5a, which play crucial roles in distal limb
outgrowth. Both genes were indistinguishable between the Rac1ﬂ/ﬂ
and Rac1ﬂ/ﬂ; Prx1-Cre embryos (Fig. 5C and D). These results indicate
that loss of Rac1 in the limb bud mesoderm does not have an effect on
the formation of AER and ZPA. Also, loss of Rac1 in the limb bud
mesoderm does not alter the promotion of outgrowth and patterning
in the limb buds.
Furthermore, we analyzed the expression of ﬁbroblast growth
factor receptor 2 (Fgfr2) and Hoxd13, both of which are interdigital
marker genes. That of Fgfr2 was reduced at E12.5 and the loss was
more obvious at E13.5 in the interdigit regions of Rac1ﬂ/ﬂ; Prx1-Cre
limb buds, while the expression of Hoxd13 was not different
between Rac1ﬂ/ﬂ and Rac1ﬂ/ﬂ; Prx1-Cre limb buds both at E11.5 and
E12.5 (Fig. 6A and B). Ota et al. (2007)proposed that the lack of
interdigital PCD and associated syndactyly in N-Myc conditional
knockout mice with limb bud mesenchyme-speciﬁc inactivation is
related to an absence of interdigital cells, marked by the expression
of Fgfr2. However, the expression of Sox9 was not different bet-
ween Rac1ﬂ/ﬂ and Rac1ﬂ/ﬂ; Prx1-Cre limb buds (Fig. 6C), and the
interdigital width of Rac1ﬂ/ﬂ; Prx1-Cre limb buds was not less than
that of Rac1ﬂ/ﬂ limb buds at E12.5 (between 2nd and 3rd digits;
Rac1ﬂ/ﬂ vs. Rac1ﬂ/ﬂ; Prx1-Cre, 405.7±10.1 μm vs. 392.2±5.9 μm;pN 0.05, and between 3rd and 4th digits; Rac1ﬂ/ﬂ vs. Rac1ﬂ/ﬂ;
Prx1-Cre, 399.0±5.9 μm vs. 370.2±28.2 μm; pN0.05). In contrast,
in N-Myc deﬁcient limb buds, the expression of Sox9 was very low,
while the width between the digits was at least 40% smaller than
that in the control embryos (Ota et al., 2007). These results suggest
that there is no difference between Rac1ﬂ/ﬂ and Rac1ﬂ/ﬂ; Prx1-Cre
embryos with regard to formation of the interdigit regions of the
limb buds until E12.5.
Rac1 removal from limb mesoderm alters expression of components of
the Bmp but not the canonical Wnt pathway
Rac1 plays critical roles in limb outgrowth in the limb bud
ectoderm through Wnt/β-catenin signaling (Wu et al., 2008). To
determine whether Wnt/β-catenin signaling is involved in the
functions of Rac1 in limb bud mesoderm, we examined the ex-
pression levels of β-catenin and its target genes in Rac1ﬂ/ﬂ; Prx1-Cre
mice using microarray and real-time PCR analyses. We did not
detect differences with regard to the expressions of β-catenin, Lef1,
and Tcf1 between Rac1ﬂ/ﬂ and Rac1ﬂ/ﬂ; Prx1-Cre limb buds (Fig. S2A
and B). These results suggest that Rac1 does not inﬂuence the
expressions of Wnt/β-catenin signaling molecules in limb bud
mesoderm.
Fig. 4. Reduced programmed cell death in the interdigit regions of Rac1 conditional knockout mice. (A) Autopods from Rac1ﬂ/ﬂ and Rac1ﬂ/ﬂ; Prx1-Cremice obtained at E12.5, E13.5, and E14.5. Rac1ﬂ/ﬂ limb obtained at E14.5 with labeled digits
(1st to 5th).White arrowhead indicates improper dissociation and hematomas in Rac1ﬂ/ﬂ; Prx1-Cre interdigits. (B) TUNEL-stained hindlimb sections at E12.5, E13.5, and E14.5. The boxed regions represent areas shown at a higher magniﬁcation
in panels on the right. Note that the interdigital channels of the 2nd to 3rd and 3rd to 4th digits at E13.5 in TUNEL-positive cells from Rac1ﬂ/ﬂ; Prx1-Cre limbs were lost as compared with the Rac1ﬂ/ﬂ limbs. (C) Numbers of TUNEL-stained cells in
the interdigital regions of the 2nd to 3rd and 3rd to 4th digits in Rac1ﬂ/ﬂ and Rac1ﬂ/ﬂ; Prx1-Cremice at E13.5 and E14.5. Average numbers and standard deviation from three regions of each slide (Rac1ﬂ/ﬂ or Rac1ﬂ/ﬂ; Prx1-Cre) are shown for each
data point (⁎: pb0.05). (D) F4/80 immunostaining of monocytes and macrophages. Immunohistochemical analyses of limb bud sections at E13.5 showed a greatly reduced number of F4/80-positive cells in the interdigit regions of the 2nd to














Fig. 5. Expressions of limb-patterning genes in Rac1 conditional knockout limb buds. Whole-mount in situ hybridization analyses of the expressions of the indicated genes were
performed with Rac1ﬂ/ﬂ and Rac1ﬂ/ﬂ; Prx1-Cre hindlimb buds at the indicated embryonic stages. (A) Dorsal and distal views. (B–D) Dorsal views of Rac1ﬂ/ﬂ; Prx1-Cre hindlimb buds,
anterior to the top.
403D. Suzuki et al. / Developmental Biology 335 (2009) 396–406Several BMP family members have multiple roles in limb deve-
lopment, including AER maintenance, skeletal formation, and apo-
ptosis in the interdigit regions (Bandyopadhyay et al., 2006; Robert,
2007). Therefore, we examined the expression of genes related to
mesenchymal BMP signaling to determine whether fore- and
hindlimb webbing seen in Rac1ﬂ/ﬂ; Prx1-Cremice might be explained
by interdigital BMP signaling. Whole-mount in situ hybridization
analysis revealed reduced interdigital and peri-digital expressions of
Bmp2 and Bmp7 at E12.5 and E13.5 in Rac1ﬂ/ﬂ; Prx1-Cre limbs (red
arrows in Fig. 7A and B). Bmp4 was previously detected in both the
ectoderm and mesenchyme of limb buds. At E11.5 and E12.5, we
found that Bmp4 expression was not signiﬁcantly down-regulated inFig. 6. Expressions of interdigital marker genes in Rac1 conditional knockout limb buds. (A–C
were performed with Rac1ﬂ/ﬂ and Rac1ﬂ/ﬂ; Prx1-Cre hindlimb buds at the indicated embryo
anterior to the top, and shown at the same scale. Red arrows indicate expression of Fgfr2, wthe mesenchyme or AER remnant in Rac1ﬂ/ﬂ; Prx1-Cre limbs (Fig. 7C).
The closely related homeobox genes, Msx1 and Msx2, are key
downstream targets of BMP signaling and expressed in the PCD
zones of developing limbs, including the interdigit regions (Houzel-
stein et al., 1997). At E12.5,Msx1 expression in Rac1ﬂ/ﬂ; Prx1-Cre limb
buds was not signiﬁcantly different from that in Rac1ﬂ/ﬂ buds,
whereas by E13.5, its expression in Rac1ﬂ/ﬂ; Prx1-Cre limb buds was
reduced as compared to the Rac1ﬂ/ﬂ (red arrows in Fig. 7D). Likewise,
Msx2 expression in Rac1ﬂ/ﬂ; Prx1-Cre limb buds was not greatly
different from that in Rac1ﬂ/ﬂ at E12.5, whereas its expression in
Rac1ﬂ/ﬂ; Prx1-Cre limb buds was signiﬁcantly reduced at E13.5 (red
arrows in Fig. 7E). Our results indicate that insufﬁcient expression of) Whole-mount in situ hybridization analyses of the expressions of the indicated genes
nic stages. All panels are dorsal views of Rac1ﬂ/ﬂ and Rac1ﬂ/ﬂ; Prx1-Cre hindlimb buds,
hich was diminished in Rac1ﬂ/ﬂ; Prx1-Cre limbs.
Fig. 7. Reduced expressions of Bmps and BMP signaling target genes in Rac1 conditional knockout limb buds. (A–E) Representative whole-mount in situ hybridization results
showing expressions of the indicated genes in the hindlimbs at the indicated embryonic stages. All panels are dorsal views of Rac1ﬂ/ﬂ and Rac1ﬂ/ﬂ; Prx1-Cre hindlimb buds, anterior to
the top, and are shown at the same scale. Red arrows indicate expressions of (A) Bmp2, (B) Bmp7, (D) Msx1, and (E) Msx2, each of which was signiﬁcantly diminished in Rac1ﬂ/ﬂ;
Prx1-Cre limbs.
404 D. Suzuki et al. / Developmental Biology 335 (2009) 396–406Bmp2, Bmp7, Msx1, and Msx2 may be a root cause of the lack of
interdigital PCD and associated syndactyly.
Discussion
Members of the Rho family including small GTPase Rac1 have been
shown to play multiple roles in cell regulation, including regulation of
cytoskeletal organization, cell migration, proliferation, and apoptosis
(Jaffe and Hall, 2005). However, their tissue-speciﬁc roles in vivo,
especially in limb bud mesenchyme, remain largely unknown, though
Rho C has been reported to control the morphology of limb
mesenchyme, and modulate digit outgrowth and limb chondrogen-
esis (Montero et al., 2007). In our experiments, when Rac1 expression
was depleted in the mesenchyme of developing limb buds, severe
fore- and hindlimb defects developed, with themost prominent found
to be autopod deformities and soft tissue syndactyly.
Based on ﬁndings obtained with our model (Fig. 8), we propose
that Rac1 deﬁciency in the mesenchyme of limb buds causes reduc-Fig. 8.Model of Rac1 function in limb bud mesenchyme. In Rac1ﬂ/ﬂ; Prx1-Cre limb buds,
Bmp2, Bmp7, Msx1, and Msx2 expressions were down-regulated, which prevented
apoptosis in the interdigit region.tions in the expressions of Bmp2 and Bmp7, as well as of their target
genes, Msx1 and Msx2, which reduced apoptosis in interdigit regions.
To evaluate whether the expressions of Bmp2 and Bmp7 are
regulated by Rac1 in vitro, we performed adenovirus vector mediated
constitutive active Rac1 (Rac1CA) transduction into micromass
cultures of limb mesenchyme, and examined the expressions of
Bmp2 and Bmp7. However, those expressions were scarcely changed
after Rac1 activation (data not shown). The mechanism of Rac1
regulation of the expressions of Bmp2 and Bmp7 requires additional
study.
BothMsx1 andMsx2 are down-regulated in Rac1ﬂ/ﬂ; Prx1-Cre limb
buds, and they are considered to be downstream target genes of BMP
signaling. The present ﬁndings imply that down-regulation of Msx1
and Msx2 is correlated with a decrease in apoptosis in the interdigit
regions of Rac1ﬂ/ﬂ; Prx1-Cre limb buds, which is consistent with
ﬁndings of previous studies, which showed that Msx genes play a
primary role in apoptosis (Ganan et al., 1998; Lallemand et al., 2005).
The expression of Fgfr2, which is considered to promote cell survival,
in contrast to Bmp2, Bmp7, Msx1, and Msx2, in developing limb buds,
was reduced in the Rac1ﬂ/ﬂ; Prx1-Cre limb buds. Fgfr2 is expressed in
condensed mesenchyme, which gives rise to cartilage and bone, and
later in perichondrial and periosteal tissues, which give rise to
osteoblasts (Ornitz andMarie, 2002). It has been reported that Fgfr2 is
up-regulated by Bmp2 in C3H10T1/2, a murine mesenchymal stem
cell line, during differentiation of osteoblasts and chondrocytes
(Hoffmann et al., 2002). The functional signiﬁcance of the reduced
expression of Fgfr2 in Rac1ﬂ/ﬂ; Prx1-Cre limb buds was not fully
revealed by our results, though it is possible that it has an inﬂuence on
some skeletal abnormalities in the Rac1ﬂ/ﬂ; Prx1-Cre autopod, because
Fgfr2 has been reported to be essential for regulation of osteoblast
function and bone growth (Yu et al., 2003).
An important question is how Rac1 regulates limb bud interdigital
PCD through BMP signaling. During normal development, up-
405D. Suzuki et al. / Developmental Biology 335 (2009) 396–406regulated expressions of Bmps within the interdigit region have been
proposed to have a direct effect on PCD in this region (Zuzarte-Luis
and Hurle, 2002, 2005). On the other hand, Pajni-Underwood et al.
(2007) demonstrated that BMP signals indirectly control interdigital
PCD by regulating AER-FGFs expression. Inactivation of BMP signaling
in the limb bud AER by the use of Bmpr1a conditional mutants
displayed an up-regulation of Fgf4 and Fgf8 expression, which
prevented PCD in the interdigit regions of limb buds, leading to soft
tissue syndactyly. In consideration of the relatively normal expression
of Fgf8 (Fig. 5A) and loss of Fgfr2 expression in the interdigit region
(Fig. 6A) in Rac1ﬂ/ﬂ; Prx1-Cre limb buds, it is more likely that down-
regulation of Bmp2 and Bmp7 gene expressions in Rac1ﬂ/ﬂ; Prx1-Cre
limb buds has a direct effect on interdigital PCD.
Beier's group demonstrated that Rac1 plays a critical role in the
control of chondrocyte proliferation, hypertrophy, and apoptosis in
both in vitro and in vivo studies. Overexpression of Rac1 in
chondrogenic ATDC5 cells resulted in reductions in cell numbers
and marked acceleration of hypertrophic differentiation (Wang and
Beier, 2005). Also, results of 4-day micromass cultures demonstrated
that cell numbers were decreased and condensations did not occur
upon inhibition of Rac1 function by NSC23766 (Woods et al., 2007). In
particular, cartilage speciﬁc inactivation of Rac1 in vivo using Col2-Cre
mice resulted in increased lethality, skeletal deformities, severe
kyphosis, and dwarﬁsm, which suggest that Rac1 is required for
endochondral bone development (Wang et al., 2007). The Rac1ﬂ/ﬂ;
Prx1-Cremice used in our studies had distinctly shorter limbs (Fig. 2E
and F). In addition, growth plates in Rac1ﬂ/ﬂ; Prx1-Cre mice were
severely disorganized, and the expressions of both Indian hedgehog
(Ihh) and collagen type X in newborn tibia of Rac1ﬂ/ﬂ; Prx1-Cre mice
were abnormal in a manner similar to Rac1ﬂ/ﬂ; Col2-Cremice (Suzuki
et al., unpublished data) (Wang et al., 2007). The differences in
phenotypes between the two mutants are incomplete fusion of the
sternum and cranium, a number of autopod abnormalities, and
syndactyly, which occurred only in the Rac1ﬂ/ﬂ; Prx1-Cre mice. These
differences are likely due to the localization and timing of Prx1- and
Col2-Cre-mediated recombination. Another study reported that
expression of Cre in Col2-Cre mice was observed later in the limbs,
after mesenchymal cells had committed to a chondrocyte lineage
(Terpstra et al., 2003). Comparisons of the phenotypes between these
two mouse models suggest spatial and temporal roles of Rac1 in
embryonic endochondral bone formation.
Wu et al. reported that Rac1 controls nuclear localization of β-
catenin during canonical Wnt signaling in ST2 cells, a murine bone
marrow-derived stromal cell line. Furthermore, conditional deletion
of Rac1 in the limb bud ectoderm using Msx2-Cre transgenic mice led
to a total lack of hindlimb structures and truncations at various levels
in the forelimb (Wu et al., 2008). These phenotypes are identical to
conditional deletion of β-catenin in mouse limb bud ectoderm using
the same Msx2-Cre transgenic mice (Barrow et al., 2003; Sun et al.,
2000). However, conditional deletion of β-catenin in the limb bud
mesenchyme using Prx1-Cre mice results in different phenotypes in
Rac1ﬂ/ﬂ; Prx1-Cre mice. Deletion of mesenchymal β-catenin during
limb development led to truncated limbs, due to a defect in AER,
while the expressions of Bmp2, Bmp4, and Bmp7, and Msx1 and
Msx2, BMP signaling target genes, were up-regulated in the
mesenchyme (Hill et al., 2006). We investigated the expressions of
β-catenin and its target genes to evaluate Wnt/β-catenin signaling
in Rac1ﬂ/ﬂ; Prx1-Cre limb buds. When we compared Rac1ﬂ/ﬂ with
Rac1ﬂ/ﬂ; Prx1-Cre limb buds with regard to the expressions of β-
catenin, Lef1, and Tcf1, there were no signiﬁcant differences found
(Fig. S2). Wnt signaling plays a crucial role in directing chondrocyte
proliferation, hypertrophy, and synovial joint formation (Church et
al., 2002; Day et al., 2005; Enomoto-Iwamoto et al., 2002) (Hill et al.,
2005; Mak et al., 2006). Additional studies are needed to determine if
Wnt/β-catenin signaling is involved in the function of mesenchymal
cells through Rac1 activation.In conclusion, our results demonstrated that Rac1 in limb bud
mesenchyme plays a critical role in interdigital PCD and limb
morphogenesis.
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